A series of imidazothiazole and oxazolopyridine derivatives as human silent information regulator (SIRT1) activators were subjected to the integrated 2D and 3D QSAR approaches. The derived 3D QSAR models yielded high cross validated q 2 values of 0.682 and 0.628 for CoMFA and CoMSIA respectively. The non-cross validated values of r 2 training = 0.89; predictive r 2 test = 0.69 for CoMFA and r 2 =0.87; predictive r 2 test =0.67 for CoMSIA reflected the statistical significance of the developed model. The steric, electrostatic, hydrophobic and hydrogen bond acceptor interactions have been found important in describing the variation in human SIRT1 activation. Further, 2D QSAR model for the same dataset yielded high statistical significance and derived 2D model's parameters corroborated with 3D model in terms of features. The developed model was also validated by the crystal structure of active conformation of SIRT1. Developed models may be useful for the identification of potential novel human SIRT1 activators as therapeutic agent. Keywords: SIRT1 activators, imidazothiazole and oxazolopyridine derivatives, 3D QSAR, 2D QSAR, CoMFA and CoMSIA. heterocyclic analogs [19], 1,4-dihydropyridine analogs [20], resveratrol analogues [21, 22], and some quinoxaline analogs [23]. The crystal structure of human SIRT-1 protein with its small molecule activator was unknown until recently [24], thus few ligand-based studies have been reported on SIRT1 activators [25, 26] . However, no quantitative validation of the reported models has been reported in these studies. Our past successful efforts of integrated ligand-and structure-based drug discovery on other targets [27, 28, 29, 30] encouraged us to use this approach in the presented project. We herein report a ligand-based 3D QSAR models using known SIRT1 activators and its validation through available crystal structure of SIRT1.
Introduction
Human analogues of yeast Silent information regulator (SIR) protein also known as Sirtuins (SIRT) belong to class III of histone de-acetylases family (HDACs) [1, 2] These proteins are classified as SIRT 1-7 according to their sequence similarity and inherent requirement for nicotinamide adenine dinucleotide (NAD) in mammalian domain [3] . SIRTs are evolutionarily conserved enzymes that differ significantly from other classes of histone de-acetylases because of their specialized functions in metabolic pathways [4] . Mammalian SIRTs are known to affect numerous cellular functions Related to aging, apoptosis, inflammation and endocrine signaling [5] . All seven mammalian sirtuins express ubiquitously across different types of tissues and have been categorized under four classes of proteins: SIRT1-3 (class I), SIRT4 (class II), SIRT5 (class III), and SIRT6-7 (class IV) [3] . The therapeutic efficacy of human SIRT1 activation has been explored in several cardio-vascular diseases [6] modulation of mitochondrial biogenesis, metabolic rate, insulin sensitivity, glucose and lipid metabolism [7] [8] [9] [10] [11] and in several age-related diseases [15] . Cardiac specific over expression of SIRT1 has been known to prevent agedependent increase in cardiac hypertrophy, apoptosis, cardiac dysfunction, and expression of senescence markers [6, 12] . SIRT's catalytic domain consists two sub-domains; a large NAD+ binding subdomain and a small Zn2+-binding subdomain module has been resolved [13, 14] . SIRT1 activation is believed to be largely regulated by its allosteric site [15] [16] .
Resveratrol, a natural SIRT1 activator has been shown to improve the metabolic state of rodent models of obesity and type-2 diabetes mellitus [7, 17] . The SIRT1 activators could be mainly categorized into two classes: natural plant polyphenols and synthesized small molecules which include imidazo [1,2-b] thiazole derivatives [18] , oxazolo [4,5-b] pyridines and their related 5 Please insert Table 2 about here.
Computational approach and Molecular alignment
The 3D-QSAR techniques such as CoMFA and CoMSIA have been widely used in computeraided drug discovery to understand the mechanism of action of drug-receptor interaction and for designing potent inhibitors [31] [32] . CoMFA and CoMSIA studies were performed using SYBYL molecular modeling software running on a Silicon Graphics Octane R12000 workstation [33] .
Molecular structures of all the compounds were drawn using the most active compound 43 as a template in SYBYL where partial charges were calculated using Gasteiger-Hückel method and geometry optimized using Tripos force field with a distance-dependent dielectric function and energy convergence criterion of 0.001 kcal/mol Å using 1000 iterations and standard SYBYL settings. The conformational search was performed using multi-search method with the following settings: maximum cycles (400), maximum conformers (400), energy cutoff (70 kcal/mol), maximum rms gradient (3.0) tolerance (0.40), and number of hit (12) . The minimum energy conformations thus obtained were used in the analysis. The core (shown in pink color) of the most active compound 43 ( Figure 2A ) was used as a template for molecular alignment and the calculated pEC1.5 values were used as dependent variables for carrying out PLS analysis in and electrostatic (Columbic with 1/r dielectric) fields were calculated at each lattice point using Tripos force field and a distance dependent dielectric constant of 1.0. A sp 3 -hybridised carbon with a +1.0 charge and a radius of 1.52 Å was used as a probe to calculate various steric and electrostatic fields. An energy cutoff value of 30 kcal/mol was applied to avoid too high and unrealistic energy values inside the molecule.
CoMSIA
The CoMSIA technique is based on the molecular similarity indices with the same lattice box used for the CoMFA calculations [29] . It is considered superior to CoMFA technique in certain aspects such as the results remain unaffected to both, region shifts as well as small shifts within the alignments, it does not require steric cutoffs and more intuitively interpretable contour maps.
In the present study, five different similarity fields viz. steric, electrostatic, hydrophobic, H-donor and H-acceptor were calculated using the standard settings of CoMSIA (Probe with charge +1, radius 1 Å and hydrophobicity +1, hydrogen-bond donating +1, hydrogen-bond accepting +1, attenuation factor of 0.3 and grid spacing 2 Å). 
Partial least squares (PLS) and Predictive r2 analysis

2D QSAR model generation
In 2D QSAR analysis constitutional, topological descriptors, BCUT, geometrical descriptors were calculated using PaDEL-Descriptor software [34] . Linear regression was performed using Systat (v12.2) software using the SIRT1 pEC1.5 as dependent and ligand-based physicochemical parameters as independent parameters. Pearson correlation matrix was constructed to determine the inter-correlation between the independent parameters and the correlation between the dependent and independent parameters. Stepwise multi-parameter regression analysis was performed by backward elimination method using Systat software (v12.2). These descriptors were then used to generate an equation which would give insight into the various physicochemical and structural parameters influencing SIRT1 activation.
Molecular docking
The SIRT1 protein structure (PDB ID: 4ZZH) was prepared for docking using the protein preparation wizard of the Schrodinger Suite of programs (Small molecule drug discovery suite2015-2, S., LLC, NY. 2015) with default options to assign bond order and remove water molecules that are 5 Å away from hetero groups. H-bond assignment was done using PROPKA at pH 7.0 and the orientation of hydroxyl groups, amide groups of Asn and Gln, and charge state of His residues were optimized. At the end, protein was minimized to an RMSD limit from the starting structure of 0.3 Å with the OPLS3 force field. Binding site/docking grid was defined by selecting co-crystallized small molecule SIRT1 activator. The ligand libraries were prepared using LigPrep with Epik at pH 7.0 while retaining specific chirality of the ligands. Partial atomic charges were computed using the OPLS-3 force field and lowest energy conformation was retained. The lowest energy conformation among the largest populated cluster sharing common interactions was selected as the best binding pose for docked ligands.
Results and discussion
CoMFA and CoMSIA techniques were used to derive 3D-QSAR models on a set of 50 chemically diverse human SIRT1 activators. Among the various 3D-QSAR models were generated and the best one was selected based on the statistically significant parameters obtained.
The predictive power of the generated 3D-QSAR models, was assessed by predicting biological activities of the test set molecules. The results of the CoMFA, CoMSIA studies have been summarized in Table 3 . Table 3 about here.
Please insert
CoMFA analysis
The (Table 3) . A test set of 24 molecules was used to evaluate the predictivity of the generated model and a predictive r 2 of 0.694 showed good predictive ability of the generated model ( Figure 3A) . The Predictive pEC1.5 values of the training as well as test set molecules based on the CoMFA model have been included in the Table 1 and Table 2 respectively. Figure 3 about here.
Please insert
CoMSIA analysis
The Table 2 respectively.
CoMFA and CoMSIA contour maps analysis
The coefficients from CoMFA and CoMSIA models were used to generate 3D contour maps.
These compound 43, 13, 50, 15, 14, 27, 41, 46, 44, 5 and 9) can be explained based on presence of aromatic ring of the quinoxaline moiety at the same position. It has been also found that an addition of bulky group near 29, and 30 positions of the piperazine moiety further increased the SIRT1 activation potency (viz . compound 43, 14, 41, 46, 44, 5 and 42) . The absence of such functionality in 3D space led to the decrease in the activation potency (viz .   compound 2, 25, 32, 3, 35, 1, and 31) . The sterically unfavorable region at the upper side of the 4, 5 positions of quinoxaline ring as well as on the lower plane of the piperazine moiety has been found important for SIRT 1 activation ( Figure 4A ).
When the electrostatic contours were considered, both the CoMFA and CoMSIA contours emphasized the importance of the electropositive substituent near the amide moeity and the presence of substituent with high electronegative functionality in the region adjoining the nitrogen atom at the 9 positions to the keto oxygen of the quinoxaline ring, for high SIRT1 activation potency. These contours also conclude the fact that optimal activation potency is achieved when the electronegative functionality at that region is being contributed by the nitrogen atom ( Figure 4A and 4B).
The PLS contour analysis of the hydrogen bond acceptor feature highlighted the importance of the presence of a hydrogen bond acceptor atom in the vicinity of the ketonic oxygen atom at position 9 of the molecule. These contours well explain the variation in biological activity among the compounds of series (compounds 1, 2, 3, 25, 31 , and 35 failed to map the H-bond acceptor group at this 3D space represent least potent molecules of this series). The space present in between and behind the phenyl ring and the piperazine ring has been found unfavorable for acceptor functionality ( Figure 4C ). In the case of hydrophobic contours, the hydrophobic favorable regions near the 5 position of quinoxaline ring and around piperazine nucleus while hydrophobic disfavored regions around the CONH functionality of the molecule 43 facilitate the effective binding of SIRT1 activators to the target protein ( Figure 4C ).
2D QSAR Analysis
CoMFA and CoMSIA predictive models can be sensitive to ligand alignment [35] . Therefore, to rule out any false positive results, and validate the model we performed alignment free 2D QSAR analysis for the same dataset. Different combination of physiochemical parameters showing some acceptable correlation with the biological activity were carried out using stepwise multiple regression analysis to develop meaningful QSAR equations.
We derived structure activity relationship equation for all the 50 dataset ligands. The generated equation showed the importance of Polarizability (AMR) [36] , BCUT (SPMAX3_BHS) [37] and topological parameter (WPOL) [38] Table 4 .
Please insert Table 4 about here. Table 5 lists the Pearson Correlation Matrix of the significant parameters used in the equation.
Please insert Table 5 about here.
The correlation between observed and predicted activities of all compounds using Eq. 1 has been represented graphically as shown in Figure 5 . 
Structure based validation of CoMFA, CoMSIA model
A recently reported structure of SIRT1-enzyme-activator complex [24] enabled us to validate our CoMFA, CoMSIA model. Please insert Figure 6 about here.
Conclusion
The CoMFA and CoMSIA have been applied successfully to rationalize the structurally diverse SIRT1 activators. Structural features in terms of their steric, electrostatic, hydrophobic and hydrogen bond acceptor interactions in 3D space have been found important. The developed 3D models showed good statistical significance in internal validation (q 2 , group cross-validation and bootstrapping) and performed very well in predicting the SIRT 1 activation by the compounds in the test set. The developed model was also validated by 2D QSAR model as well as the crystal structure of active conformation of SIRT1. These models alone or in combination may be useful in the designing novel human SIRT1 activators with increased potency. 
